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A late-glacial to early Holocene record of pollen, plant macro-
ossils, and charcoal has been obtained from two cores from
rowns Pond in the central Appalachians of Virginia. An AMS

adiocarbon chronology defines the timing of moist and cold
xcursions, superimposed on the overall warming trend from
4,200 to 7500 14C yr B.P. This site had cold, moist conditions
rom ca. 14,200 to 12,700 14C yr B.P., with warming at 12,730,
1,280, and 10,050 14C yr B.P. A decrease in deciduous broad-
eaved tree taxa and Pinus strobus (haploxylon) pollen, simul-
aneous with a reexpansion of Abies, denotes a brief, cold re-
ersal from 12,260 to 12,200 14C yr B.P. A second cold reversal,
nferred from increases in montane conifers, is centered at
500 14C yr B.P. The cold reversals at Browns Pond may be
ynchronous with climate change in Greenland and northwestern
urope. Warming at 11,280 14C yr B.P. shows the complexity of

egional climate responses during the Younger Dryas chrono-
one. © 1999 University of Washington.

Key Words: pollen, macrofossils, Appalachian Mountains, late-
lacial, Holocene, Younger Dryas, Virginia.

INTRODUCTION

Are the late-glacial climate oscillations that have been
ensively documented in pollen records from western
orthern Europe evident in eastern North America? Re
ollen records from Atlantic Canada (Mayleet al., 1993), the
ortheastern United States (Peteetet al.,1990, 1993; Maenza
melch, 1997a,b), and the U.S. Midwest (Shane, 1987; S
nd Anderson, 1993) are interpreted as showing cold reve

hat are synchronous with the European Younger Dryas
ozone (sensuMangerudet al.,1974). In addition, temperatu
stimates based on chironomid assemblages show co
vents of only 250 years duration that are recorded in Mar
anada, called the Killarney Oscillation (Levesqueet al.,
993), and in Maine (Cwynar and Levesque, 1995). There
vidence is accumulating that cold reversals interrupted
eglacial warming trend in eastern North America.
South of these glaciated regions, late-glacial cool or m

eriods have been recognized in pollen records from Kent
o Florida (Watts, 1980; Watts and Hansen, 1988; Wilkinet
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l., 1991; Wattset al., 1992). Reviews of southeastern pol
ecords and climatic interpretations have been presente
elcourt and Delcourt (1984, 1985), Overpecket al., (1989),
atts (1983), and Watts and Hansen (1994). However

uration of these cool and moist periods and their pos
onnection to climate changes in the northern North Atla
asin have not been firmly established.
Identifying climate reversals on the order of 100 to 1

ears in existing unglaciated eastern U.S. records is diffi
low sedimentation rates, combined with few radiocar
ates, make it difficult to resolve events of this time scale.
ave examined cores from a pond in the central Appalac
here accumulation rates averaged 70 cm per 100014C yr from
4,000 to 10,00014C yr B.P. The pollen and abundant mac

ossils, combined with AMS radiocarbon dating, have p
uced a detailed record of late-glacial to early Holocene
tation change at this site.

METHODS

Browns Pond is a 60 by 20 m basin, without inlets, in
entral Appalachians of Virginia (38°09’17’’N, 79°36’59’’W
t 620 m elevation. Water depth is approximately 20 cm.
nderlying bedrock is Upper Silurian limestone, sandstone
hale (Bick, 1962). Despite the karst topography at this site
olluvium is sandstone-rich and soils are acidic (T. Rawin
ersonal communication, 1991). The closest weather st
Hot Springs, Virginia; 38°00’N, 79°50’W, 682 m) has
nnual average temperature of 10.8°C and 1060 mm of
ipitation (NOAA, 1983). The pond is covered withDulichium
rundinaceum(three-way sedge). The site is in the Ridge
alley section of the Oak–Chestnut Forest region describe
raun (1950), and the trees immediately surrounding the
re typical of this region:Quercus albaandQ. rubra predom-

nate. A more detailed description of the site and vegeta
an be found in Kneller and Peteet (1993).
Previously, six cores were retrieved in a partial tran

cross the pond. The identification of pollen and plant ma
ossils was concentrated on the central and longest
BR89), which has a date of 17,13014C yr B.P. at 400 cm dep
0033-5894/99 $30.00
Copyright © 1999 by the University of Washington.
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nd reached a total depth of 697 cm depth (lower meter
norganic clay) (Kneller and Peteet, 1993). All core depths
elative to the sediment–water interface. The primary re
rom a previous paper were (1) a boreal-type forest consi
f Picea, Abies,and Pinus grew at the site at 17,30014C yr
.P., and slight increases in more thermophilous and m
hytic taxa occurred after 17,00014C yr B.P.; and (2) a marke

ncrease inAlnusat 14,10014C yr B.P. signaled an increase
oisture. Core BR89 had slow sedimentation rates and
reservation between approximately 13,000 and 800014C yr
.P. To determine the vegetation changes during this

nterval, we analyzed more samples from transect core B
ecause it had better preservation during the late-glaci
olocene transition (BR91 is referred to as BRW1 in Kne
nd Peteet (1993) and due to coring difficulties was only
m long). We also retrieved new cores from Browns Pond
oncentrated our analyses on the core with the most com
ecovery (BR92). All cores were retrieved with a 5-c
iameter modified Livingstone piston corer (Wrightet al.,

FIG. 1. Pollen percentage diagram from Core BR92. A minimum of 3
nd indeterminables (Cushing, 1967) and pteridophytes were also tallie
quatics are calculated as a percentage of all pollen; pteridophytes are
3 exaggeration of the percentages. Radiocarbon dates are listed in un
s amended by Aaby and Berglund (1986). Organic content was meas
rive boundaries, indicated by the dashed lines, are at 82, 174.5, (the to
53.5, 443, 477, and 521 cm depth (measured from the sediment–wate
re
e
ts
g

o-

or

e
91
to
r
8
d
te

984). Because the sediments were very consolidated, d
ere less than 1 m long.
Here we present new results from cores BR91 (228 cm d

nd BR92 (512 cm deep), which are approximately 22
8 m east of BR89, respectively. Most pollen and macrof

dentifications were conducted on BR92 because it was
ongest core (Figs. 1 and 2). At the top of the third drive, a
xists from 174.5 to 186 cm depth (below the sediment

ace). Hence, core BR91 was examined in detail from 17
25 cm depth to confirm the stratigraphy (Figs. 3 and 4).
Pollen processing followed Faegri and Iverson (1975),

he modifications of Heusser and Stock (1984). A kno
uantity ofLycopodiumspores was added to calculate po
ccumulation rates (PAR) or pollen influx (Fig. 5), (Stockm
971). Plant macrofossils were identified in sediments
ere prepared according to Watts and Winter (1966)
eteet (1986). A half-core was cleaned on the outer surfac

hen cut into segments at intervals of 1 to 2 cm. The sc
izes used to separate macrofossils from sediment wer

upland tree, shrub, or herbaceous pollen grains were counted; aquatics
he total of tree, shrub, and upland herb pollen is used to calculate theirercentages

lculated as a percentage of all pollen and spores. The stippled silhouetrepresents
rected years. Core lithology is described according to the Troels–Smithsification

on samples of approximately 2 ml according to the procedure in Dean
this drive, from 174.5 to 186 cm, was lost due to coring difficulties in theeld) 263,
terface).
00
d. T
ca
cor

ured
p of
r in
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APPALACHIAN CLIMATE, GLACIAL-INTERGLACIAL TRANSITION 135
nd 500mm. A volumetric estimate of charcoal content w
ade on the sediment fraction.500 mm.
Pollen classification follows McAndrewset al. (1988) and

aegriet al. (1989). Alnus rugosaand A. crispa types were
istinguished according to Watts (1979). Morphological c
ia exist to distinguish the pollen of three species ofPiceanow
rowing in eastern North America (Birks and Peglar, 19
ansen and Engstrom, 1985). However, the relevance of
riteria toPiceapollen from the southern Appalachians ne
urther evaluation (B. Hansen, personal communication, 19
ence,Picea pollen identification remains at the genus le
he CONISS program for stratigraphically constrained clu
nalysis (square root transformation) was applied to the up
ollen taxa to help define the local pollen assemblage z
Grimm, 1987). Plant macrofossils were identified with the
f Martin and Barkley (1961), Montgomery (1977), a
évesqueet al. (1988) and by comparison to the refere
ollection at Lamont–Doherty Earth Observatory. Nomen
ure follows Fernald (1970) except where noted.

AMS radiocarbon-dated samples were identified macro
ils from trees or emergent aquatics; sediment was used
o macrofossils were available (Table 1). Previously, date
acrofossils and bulk sediment from the same depths sh

irtually no offset (Kneller and Peteet, 1993). AMS radioc
on analyses were conducted by the Center for Accele

FIG. 1—
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ass Spectrometry, Lawrence Livermore National Labora
alifornia, and the National Science Foundation Arizona A
acility. CALIB version 3.0.3c (Stuiver and Reimer, 1993) w
sed to derive the calibrated sidereal years (cal yr B.P., T
). The age model for Browns Pond is a straight-line inte

ation between radiocarbon dates (plot of Deposition Tim
ig. 5).

RESULTS AND INTERPRETATION

ollen and Plant Macrofossils

The radiocarbon dates for cores BR92 and BR91 are g
lly in chronological order (Table 1). The three nearly s
hronous 10,00014C yr B.P. dates, separated by 23 cm, in c
R91 either may indicate rapid sedimentation rates or b
xpression of the radiocarbon age plateau identified at ap

mately 10,00014C yr B.P. (Andree´ et al.,1986; Ammann an
otter, 1989; Kromer and Becker, 1993). Without an indep
ent age model, a plateau cannot be confirmed.
The pollen and plant macrofossil assemblages are

reted in light of existing phytosociological studies that sh
ree distribution along elevational gradients in the App
hians. Nearly pure fir (Abies fraserior A. balsamea) stands
haracterize the highest elevation forests in much of the s

ntinued
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KNELLER AND PETEET136
rn and northern Appalachians.Abiesshows the greatest to
rance to cold;Picea usually is more abundant at elevatio
elow Abies(Oosting and Billings, 1951; McIntosh and Hu

ey, 1964; Siccama, 1974; Reiners and Lang, 1979; Cogbil
hite, 1991). In the Appalachian montane spruce–fir fo

nlike the North American boreal forest,Picea rubensis the
ominant spruce species below approximately 47°40’N

ude, notP. glaucaor P. mariana(Little, 1971; Cogbill and
hite, 1991). ThePicea- and Abies-dominated stands gra

nto lower elevation stands containing deciduous trees.Betula
s the one deciduous tree that is consistently found in ma
he high-elevation forests, although the species may vary
. lutea, B. papyrifera, B. papyriferavar. cordifolia, and B.

enta). Fagus grandifolia, Acer saccharumand A. rubrum,
raxinus americana, Tilia heterophyllaand T. americana
uercus rubra,and the coniferTsuga canadensisare frequen

omponents of mid-elevation forests.
Alternatively, the taxa could be interpreted in light of th

ontinental distribution, especially with reference to their h
atitude distribution. The elevation analogy is used here
ause the plant associations interpreted from the fossil re
etween 12,700 and 750014C yr B.P., are very similar t
ssociations found in the modern phytogeographic studies

FIG. 2. Plant macrofossils counted in core BR92, per interval, and n
f sediment. The actual volume of each sediment sample is graphed o
d
t,

i-

of
g.,

-
e-
rd,

m

he Appalachians. Floristic differences exist between the h
levation montane spruce–fir forest and the high-latitud
oreal forest. Many high-latitude taxa have their southern
ppearance in the central Appalachians (Gleason and
uist, 1991). We have not yet identified taxa, in the Bro
ond sediments, that are unequivocally boreal rather
ontane. A major climatic difference is that the Appalach
t high elevations receive more precipitation than the

atitudes (Oosting and Billings, 1951).

Zone BR1: Picea–Abies zone ($14,18014C yr B.P.; BR92
45 to$485 cm). This zone is similar to thePinus–Picea–
bieszone dating from 17,345 to 14,09014C yr B.P. in core
R89 (Kneller and Peteet, 1993). One dissimilarity is tha
ore BR92, the percentages ofPiceapollen (from 42 to 46%
re greater thanPinus pollen (from 29 to 38%), whereas
R89 PinusexceedsPiceapollen percentages. In both cor

he arboreal macrofossils are mostlyPiceaneedles.

Zone BR2: Alnus–Picea–Abies zone (14,180 to 12,73014C yr
.P.; 17,000 to 15,000 cal yr B.P.; BR92, 445 to 346 c
his zone is defined by significant amounts ofA. rugosa-type
ollen, which reaches a maximum of 26%. It correlates

alized to a 1 mlsediment volume. Charcoal concentration is given in mm3 per ml
e far right in milliliters.
orm
n th
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APPALACHIAN CLIMATE, GLACIAL-INTERGLACIAL TRANSITION 137
he Alnus–Pinus–Picea–Abieszone in core BR89 dating fro
4,090 to 12,81014C yr B.P. (in whichA. rugosa-type pollen
anged from 30 to 59% (Kneller and Peteet, 1993)).Picea,
inus,and Abiesreach maximum percentages of 32, 26,
.6, respectively.Quercus(3.0%) andBetula(2.6%) have th
ighest percentages of the deciduous-tree taxa. The herba
ssemblage comprises a range of plants including Grami
yperaceae, Tubuliflorae, other Compositae, andNuphar.To-

al upland pollen influx ranges from 1400 to 6000 gra
m2/yr.
Macrofossil preservation is excellent.Picea needles an

eeds are the most abundant macrofossils, followed byAbies
eedles andAlnusseeds and cone bracts. A fewLarix seeds

ragments of 2-per-fasciclePinusneedles, andPinusseed con
cales were found. ThePinusspecie(s) could not be identifie
s the needle fragments are small and the cone scale
racts, which can help identify species. A singleBetulaseed
opulifolia type (Cunningham, 1957), was identified at 3
m. Seeds of the shrubsSambucus canadensisandRubussp.,
nd herbs includingHypericum virginicumvar. Fraseri, Viola
f. lanceolataand Menyanthes trifoliataare present.Isoetes
elanopodamegaspores and microspores are abundant. T

FIG. 2—
d

ous
ae,

/

ack

is

n amphibious species found in springtime saturated and
er dry conditions (Fernald, 1970; Boom, 1982). Aqu

eeds are common and includeNuphar, two species ofPota-
ogeton,and Najas flexilis. Charcoal concentrations ran

rom 0 to 1.2 mm3/ml of sediment.
A montane spruce–fir forest, established by 14,18014C yr

.P., is indicated by the signficant percentages of pollen
iceaandAbiesand their abundant seeds and/or needles. A

ikely grew in moist soil near the pond. The array of arbo
nd shrub macrofossils suggests a densely covered, meso

andscape surrounding the pond. The water depth was d
han today, based on the presence ofNupharandPotamogeton

ater levels were lower in summer than in spring, based o
resence ofI. melanopoda.
The transition between pollen zones BR2 and BR3

laced at 346 cm depth, between pollen samples at 343.
48.5 cm depth, even though the CONISS analysis sho
istinct division between pollen samples at 348.5 and 361.
epth. Our zone division is based on increases in percen
oncentration, and influx ofQuercus, Ostrya/Carpinus,and
agus that are evident in the samples starting at 343.5
epth (Figs. 1 and 5; Kneller, 1996).
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KNELLER AND PETEET138
Zone BR3a: Picea–Abies–Ostrya/Carpinus–Quercus
12,730 to 12,26014C yr B.P.; 15,000 to 14,320 cal yr B.P
R92, 346 to 266 cm).This zone is delineated by increase
ome broad-leaved deciduous-tree pollen taxa.Quercus
strya/Carpinus, Fagus,and Juglansreach maximum polle
ercentages of 13.6, 3.8, 1.9, and 0.6, respectively, l
hich likely show the taxon’s presence (Davis and We
975; Delcourtet al., 1984).Picea, Pinus,and Abiesremain
ignificant components of the pollen assemblage.Nupharpol-

en percentages increase, whereasI. melanopodamicrospore
re absent. Other aquatics includeTypha/Sparganium, M. tr

oliata, andSagittaria.
Pollen influx rises and ranges from 5900 to 22,000 gra

m2/yr. The influx increase is apparent in many taxa.
nflux increase might be partly caused by increased s
nwash, or sediment focusing, for it coincides with hig
edimentation rates. However, whereas total pollen con
ration is approximately constant across the zone B
R3a boundary, the concentration of the different tree
aries. Pollen concentrations ofOstrya/Carpinusincrease
oughly 10-fold at zone BR3a’s lower boundary, ofQuercus
ncreases about 4-fold, and ofPicea and Abies increase
oughly 2-fold. Pinus shows little change in concentrati
Kneller, 1996). Maximum influx values forOstrya/
arpinusare in this zone. Thus, a real increase in num

FIG. 3. Pollen percentage diagram from Core BR91, approximately 4 m w
rive boundaries are at 87, 187, and 228 cm depths.
ne

ls
,

s/
e
e

r
n-
–
a

rs

f deciduous trees, especiallyOstrya/Carpinusand Quer-
us, likely occurred at 12,73014C yr B.P.
Preserved arboreal macrofossils includePinus strobusnee-

les, 2-per-fasciclePinusneedles, and seeds and/or needle
icea, Abies,andLarix. Alnusseeds decrease within this zo
singleAcer spicatumseed occurs at 343 cm. Seeds of sev

erbaceous plants become abundant:Verbena cf. hastata
arex stipata, Scirpus polyphyllustype,S. atrovirenstype, and
agittaria cf. rigida. Aquatics include Nymphaeaceae see
long with scattered occurrences ofPotamogeton spirillus-type
ndP. foliosus-type seeds. Charcoal concentration ranges
to 0.75 mm3/ml of sediment.
A step toward warmer temperatures at 12,73014C yr B.P. is

nferred from the increases inQuercus, Ostrya/Carpinus, F
us,andJuglanspollen and decreases in the seeds ofMenyan-

hes trifoliata (a circumboreal aquatic). The array of con
nd deciduous taxa suggests a region similar to the tran

rom the subalpine conifer zone to the northern hardwo
ellow birch–mesophytic forest zone found in the Bals
ountains of Virginia (Rheinhardt and Ware, 1984), i.e

limate cooler and moister than present. The marsh and aq
axa are typical of temperate eastern North American po
uphar seeds and pollen indicate water levels deeper
resent.
Two small but distinct peaks inTsugapollen (in percentag

t of BR92. Pollen percentages are calculated as they were for core BR9
es
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APPALACHIAN CLIMATE, GLACIAL-INTERGLACIAL TRANSITION 139
nd influx) are evident from 287 to 282 cm (two pollen sam
f 9 to 12%) and at 267.5 cm (one sample of 3.7%). The

wo occurrences ofTsuganeedles at 282 and 267 cm depth
dditional evidence that theTsugapopulation increased at th
ite. TheTsugapeaks are also concurrent with increase
inushaploxylon-type pollen andDryopteris-type spores an
ecreases inPicea and Abies. Tsugaand Pinus strobusare
pecies found at elevations lower thanAbiesandPicea in the
ppalachians. These changes may reflect warming tem

ures, although replication in other cores from this site
eighboring sites is needed before a regional event ca

nferred.

Zone BR3b: Abies–Picea–diploxylon Pinus zone (12,260
2,20014C yr B.P.; 14,320 to 14,240 cal yr B.P.; BR92, 266
45 cm). Percentages and influx ofAbies pollen increase
any of the deciduous-tree taxa decrease (Ulmus, Ostrya
arpinus, Quercus, Juglans cinerea,and Fagus grandifolia
ut neitherFraxinus nor Betula). The pollen percentages

hese deciduous-tree taxa are similar to their zone BR2 va
sugapollen and macrofossils are absent.Pinus diploxylon-

ype pollen increases;Piceapollen influx increases. The polle
ercentages ofSanguisorba canadensisincrease whileTypha/
parganiumdecrease. Total pollen influx ranges from 420
2,000 grains/cm2/yr.
Seeds from some shallow-water, temperate species, w
ere abundant in zone BR3a, are now absent.Carex stipata

FIG. 3—
s
st

n

ra-
d
be

es.

ich

cirpus polyphyllustype, andS. atrovirenstype are now abse
long with the herbVerbenacf. hastata.Definitive identifica-

ion of these species is needed to interpret the environm
hange.Menyanthes trifoliataseeds are present. Charcoal c
entration ranges from 0 to 0.8 mm3/ml of sediment.
A reversal toward colder temperatures explains the ris

ercentage and influx ofAbies pollen, decreases inPinus
aploxylon-type pollen andPinus strobusneedles, and de
reases in percentage and influx of the deciduous-tree
ollen. Other taxa showing increases in pollen influx—Picea,
inus diploxylon-type pollen, andS. canadensis—are cold

olerant plants.M. trifoliata’s presence shows the pond h
hallow water areas.

Zone BR3c: Picea–Abies–Ostrya/Carpinus–Quercus
12,200 to 11,28014C yr B.P.; 14,240 to 13,260 cal yr B.P
R92, 245 to 195 cm).The pollen and macrofossil asse
lage is very similar to that of zone BR3a exceptAbiesmac-
ofossils are absent andTsuganeedles are more abundant
R3c. Total pollen influx ranges from 2200 to 6500 gra
m2/yr. Pollen fromLycopodium annotinumandM. trifoliata,
ircumboreal species, andS. canadensisare last seen here.
Temperatures are inferred to warm and return to condi

ike those of 12,730 to 12,26014C yr B.P. (zone BR3a). Tw
ore smallTsuga–Pinushaploxylon-type pollen andTsuga
acrofossil peaks (at 238 and 216 cm) could be relate

ntinued
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KNELLER AND PETEET140
arming. This interpretation must be substantiated at a
ional sites.

At this point, the assemblages from both cores BR91
R92 are used to define the pollen zones. Pollen influx cu
nd the CONISS results for core BR91 where our samp
esolution was higher, were all evaluated when making
ivisions between zones BR3c, BR4, and BR5. Where the
ores overlap chronologically, the pollen and macrofossi
emblages are similar in composition, although differe
xist in the exact percentage of any taxon counted and i
xact stratigraphic placement of fluctuations of one taxon
tive to another. The differences could be due to factor

ecting pollen accumulation within the basin (Daviset al.,
984). Also, a core’s proximity to the shoreline (itself a fl

uating feature over time) might register different ratios of
ocal and extra-local pollen sources, especially if the po
as not well-mixed throughout the basin prior to depositi

Zone BR4: Tsuga–Betula–Pinus strobus–zone (11,28
0,050 14C yr B.P.; 13,260 to approximately 10,940 cal
.P.; BR92, 195 to 173 cm; BR91,.225 to 203 cm). Dated

ossils are near the beginning of the zone in core BR92 (B
id not penetrate all of zone BR4). Dating the top of zone B

s more subjective. In core BR92, the age of the 173 cm
s about 10,04014C yr B.P. with our age model. However,
ore BR91, the top of zone BR4 at 203 cm depth has an

FIG. 4. Plant macrofossil and charcoal diagram from Core BR91. Fo
n mm3 per ml of sediment.
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racketted by three dates ranging from 9945 to 10,19014C yr
.P. (Table 1). We approximate the end of zone BR4 at 10

14C yr B.P.
The dominance ofTsugapollen (from 23 to 62% in BR92

1 to 56% in BR91), distinct increases inBetula (reaching a
aximum of 9.5% in BR92 and 20% in BR91) andPinus
aploxylon-type pollens, and a unique maximum inSphagnum
pores characterize this zone. Decreases in percentag
icea, Quercus,Cyperaceae, and Tubuliflorae pollen acco
any theTsugarise. Cyperaceae,Abies,andOstrya/Carpinus
ollen become rare. Total pollen influx is 2300 to 7200 gra
m2/yr. The influx of Tsuga, Betula,and Pinus haploxylon-
ype pollens increases, butQuercusdoes not. Pollen from th
quatic plants,Typha/Sparganium, Nuphar,andSagittariade-
reases from the zone BR3c values.
TsugaandPiceamacrofossils are numerous, often exce

ng 10 needle fragments each per 1 ml of sediment in
R91. Two species of hemlock are recognized in eastern N
merica;T. canadensisis the most dispersed andT. carolini-
na is confined to the Appalachians from Virginia to Geor
Godman and Lancaster, 1990; Gleason and Cronquist, 1
he threeTsugaseed-bearing (megasporangiate) cones

his zone are more similar toTsuga canadensisin length and
cale shape. One entirePiceapollen-bearing (microsporang
te) cone and several pollen-bearing cone fragments oc

s counts are normalized to a 1 mlsediment volume. Charcoal concentration is gi
ssil
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his zone (we could not identify the species). A fewP. strobus
eedles and oneLarix seed were found.Betulaseeds and brac
re most abundant in this zone. Many of theBetulaachenes ar
issing the wings and stigmas, and so species identificat
ifficult. Those Betula seeds that are finely pubescent
elow the stigma were classified asBetula papyrifera-type
Cunningham, 1957). However the pubescent characte
ay not be unique toB. papyrifera (Radford et al., 1968;
ernald, 1970; Gleason and Cronquist, 1991).
Seeds ofSambvcus canadensis,a swamp shrub, and a sing

eed of the shade-tolerant shrub,Taxus canadensis,were iden
ified. Decreases inNupharpollen, and the absence of Ny
haeaceae andNuphar seeds, indicate water levels ha
ropped. Charcoal concentration in core BR91 ranges bet
and 3.6 mm3/ml of sediment.
A temperature increase is inferred from theTsugaincrease

ndAbiesdecrease in both pollen and macrofossils. Throu
ut the Appalachians,Tsugais now found at elevations low

han those at whichAbies is found. The presence ofPicea is
onsistent with warming temperatures if the species iP.
ubens; this species is presently found withTsuga and P.
trobus in the central Appalachians (Eyre, 1980, p. 26–
sugais a long-lived (from 300 to 800 yr), very shade-toler

ree that prefers a cool, humid climate (Rogers, 1978; God
nd Lancaster, 1990).P. strobusis tolerant of drier conditions
lthough the two trees may grow on more mesic site
ummocks in wooded swamps (Jorgensen, 1978 p. 276;
ll, 1980).

Zone BR5: Nyssa–Tsuga–Quercus zone (10,050 to 84114C
r B.P.; approximately 10,940 to approximately 9400 ca
.P.; BR92, 173 to 134 cm; BR91, 203 to,143 cm). Within

his zone Quercus replacesTsuga as the dominant polle
axon. A series of changes occurs in tree-taxa pollen in
R92:Nyssarises from 2.3% at 173 cm to a high of 10.5%
45 cm, whereas at 152 cmPiceadrops below 1% andAbies
elow 0.5%.Diospyrosappears at 148 cm. Of all the ta
epresented in the pollen diagrams,Diospyrosunambiguousl
as the most southerly distribution, occurring below 4

atitude and south to peninsular Florida (Halls, 1990).
ame pollen sequence occurs in core BR91, although the
entages differ. Total influx ranges from 5000 to 1800 gra
m2/yr at the end of this zone.Quercusinflux increases grad
ally from 430 to 2100 grains/cm2/yr.
Macrofossils are nearly absent and the sediment is

norganic. In BR92, a singleCornus canadensisseed wa
dentified at 172 cm. In BR91, Compositae,Glyceria striata-
ype, andSparganiumcf. americanumseeds were found. Th
resense ofTypha/SparganiumandPolygonum lapathifolium-

ype pollen and the absence ofNupharpollen at the top of th
one, along with significant amounts ofNyssapollen, indicate
hat the pond was largely replaced by wet ground or marsh
harcoal concentrations are highest at the base of this
he concentrations in BR91 range from,1 to 8 mm3/ml of
is
t

tic

en

-

.
t
an

r
w-

r

re
t

e
er-
s/

ry

d.
ne.

ediment, whereas in core BR92 the maximum concentrat
.9 mm3/ml of sediment. Thus, a fire and opening of the fo
anopy are inferred. Increases inPteridiumand Polypodiacea
pores support this interpretation.
Warming temperatures explain the increasing influx
uercus, Nyssa,andDiospyrosand decreasing influx ofTsuga
ndBetulapollen. In zone BR5, the influx ofQuercuspollen

ncreases gradually, yetNyssaand Diospyros exhibit rapid
ncreases. A similar pattern occurs in concentration (Kne
996). Possibly the local populations ofNyssaandDiospyros

rees expanded more rapidly thanQuercus. Piceapollen per-
entages fluctuate greatly; a single peak of 25% occurs at
m, but in core BR92 there is much less fluctuation. The c
f thePiceafluctuations is unclear. The continued presenc
ignificant Tsugapollen supports the argument that clim
as still as moist as at present in the southern low-elev
ppalachians.

Zone BR6: Quercus–Carya zone (8410 to,4870 14C yr
.P.; approximately 9400 to 5600 cal yr B.P.; BR92, 134
65 cm). Caryapollen, which has been at ca. 1% during
receding zones, now rises to 4.4% at 134 cm and reac
igh of 11% at 72 cm.Quercuspollen ranges from 40 to 71
hile Tsugapollen decreases from 31 to,5% by 97 cm. Tota
ollen influx ranges from 2700 to 7600 grains/cm2/yr.
Salixbuds and one seed each ofCrataegusandRubuswere

dentified. Aquatic and low-ground plant seeds come f
everalCarexspecies,Polygonumcf. punctatum,and at leas
hree Potamogetonspecies. Characeae oogonia are pre
harcoal concentration ranges from,1 to 4.5 mm3/ml of
ediment.
Fluctuations in water quality and depth can explain

ariations in aquatic and wet ground taxa. The pollen
wamp-ground taxa,Ilex andCephalanthus occidentalis,occur
hroughout the zone. Their percentages decrease sligh
upharpollen returns above 100 cm depth, which indicate

ncrease in water levels.
At 7500 14C yr B.P., a brief return to a colder, but still moi

limate is inferred from the resurgence inTsuga(16%),Picea
4.5%), andAbies(1.0%) pollen. The increases (from a sin
ample at 103 cm depth) are noticeable in the concentr
iagram and just perceptible in influx. The fact that th
old-tolerant taxa exhibit synchronous increases in pollen
entage, concentration, and influx points to a short revers
older temperatures. However, because this conclusio
ends on a single sample, other sites must be found to
tantiate the local and regional significance of the cold reve

ater-Level Fluctuations

Previously we inferred water-level fluctuations in Brow
ond based on changes in aquatic plants and the lithos

aphy. We proposed that the lowest lake levels occurred
0,000 to 800014C yr B.P. (Kneller and Peteet, 1993).

norganic sand–clay layer with slower sediment accumula
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ates and a decrease in aquatic pollen percentages was
ed between 176 and 130 cm depth in the previously stu
entral core, BR89. This inorganic layer occurred in five
itional cores taken in a transect across the pond. We hy
sized that a lowering in water-level depth, driven by clim
ad created this relatively inorganic layer dating to the e
olocene.
The new analysis of cores BR92 and BR91 substantiate

arlier conclusion that the pond’s water levels were low
uring the early Holocene. Based on the lithostratigraphy
rganic content measurements, the inorganic clay lay
etween 210 and 164 cm depth in core BR91 and 186 an
m depth in BR92 (Kneller, 1996). In these cores, the perio
ow organic content and slowest accumulation rates oc
etween ca. 10,000 and 850014C yr B.P. During this time
quatics, perhaps best exemplified byNuphar, are at thei

owest percentages. However, the trees represented in th
en assemblage require moist conditions. Today,Tsugagrows
n regions where annual precipitation ranges from,740 to
270 mm (Godman and Lancaster, 1990).NyssaandDiospy-
os,which co-occur in the pollen assemblage withTsugafrom
0,000 to 750014C yr B.P., now grow where annual avera
recipitation is at least 1000 mm and often exceeds 1200
Halls, 1990; Johnson, 1990; Kossuth and Scheer, 1990
ee, 1990; Outcalt, 1990). Apparently, annual average pr

tation was approximately equal to present values, even a
ond’s water levels were lower than present.
The apparent lower water level without a decrease in

FIG. 5. Pollen accumulation rate (PAR), or pollen influx, diagram fo
ccumulation rate between radiocarbon dates. Note that the horizontal
er cm2 per year.
nti-
d
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ipitation might be explained by increased evaporation
reased drought frequency, infilling of the pond, a chan
epositional center over time, or some combination of clim
nd nonclimatic factors. Determining the cause of the w

evel fluctuations is difficult because the basin is, and lik
lways was, irregular in shape (i.e., not perfectly conic
hus, very likely, sediment and pollen have accumulate
arying rates across the pond (Daviset al., 1984), and th
ocations of the depositional center and shoreline have sh
ver time. For example, the beginning of theAlnus–Picea–
inus zone occurs at 445 cm depth (14,10014C yr B.P.) in
R92, yet lies at 337 cm depth (14,09014C yr B.P.) in core
R89. Thus, at 14,00014C yr B.P., core BR92 was in th
eeper section of the pond. Total pollen influx also dif
etween cores BR92 and BR89. The differences coul
aused by depositional or postdepositional (e.g., erosion
xidational) processes (Donneret al.,1978; Daviset al.,1984).
vidence for changes in water quality also comes f
phagnumand Characeae, which occur in acidic and b
onditions, respectively. In cores BR89 and BR92, Chara
ogonia were identified from the bottom of the cores u
pproximately 12,73014C yr B.P., whenSphagnumleaves o
pores occur. At approximately 800014C yr B.P.,Sphagnum
isappears and Characeae oogonia reappear. A complet
ed transect of the pond would be necessary to deter
onclusively which inferred changes in water level represe
asin-wide drop in water level.

lected taxa in core BR92. The age axis is based on the assumption o
changes in scale for each pollen taxa. Units of PAR are in number ofrains
r se
axis
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DISCUSSION

Questions remain about this record of late-glacial/early
ocene vegetation. First, if thePiceaspecies present at anytim
t Browns Pond isP. glaucaor P. marianaand notP. rubens
ould this substantially change the climatological interpr

ions? In Pennsylvania, Watts (1979) tentatively identified
en from all three spruce species in late-glacial sedim
owever, for the reasons stated by Delcourt (1979), we
nable to identify definitively the species of our spruce po
nd macrofossils. Each species has different climatologica
cological affinities. Definitive identification of the spec
ould aid in the environmental reconstruction. Second,
ccurate is the qualitative climate interpretation based on
gy with the montane forests of the Appalachian Mounta
uantitative climate reconstructions could be made by s

ically comparing each fossil pollen spectrum with mod
ollen surface samples obtained from throughout North A

ca. However, several issues must be resolved before pro
ng with the statistical comparisons. The fossil pollen spe
ecorded in each of the three radiocarbon-dated cores (B
R91, and BR92) agree qualitatively, but not quantitativ
ith each other. For example, in the late-glacial sediments

atio ofPiceato Pinus,or Piceato Alnus,varies between core
R89 and BR92 (see description of the pollen zones). Dist
f each core to the shoreline might partially explain the

erent percentages recorded. Additional modern pollen su
amples from the Appalachians are needed to capture th

FIG. 5—
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ange of plant associations recognized in the modern p
eographic studies.
The sequence of temperature fluctuations interpreted a

entral Appalachian site shows striking similarities and dis
larities with the sequence of events in other pollen strat
hies and polar ice cores from the North Atlantic region.

nterpret temperatures cooler than present from 14,18
0,00014C yr B.P.
The step toward warming at 12,73014C yr B.P. seen a

rowns Pond probably represents a change over much o
outheastern United States because sites in Tennessee
ourt, 1979), South Carolina (Watts, 1980), and Florida (W
nd Hansen, 1994) show increases in temperate pollen
Quercus, Carya, Fagus, Fraxinus,andOstrya/Carpinus) be-
ween 12,800 and 12,50014C yr B.P. This warming is contem
orary with warmings seen in pollen records from the no
astern United States (Peteetet al., 1993, 1994; Maenza
melch, 1997a, 1997b). Thus, the warming may have
ynchronous from ca. 29° to 41°N latitude along the ea
argin of North America. It should be substantiated by e
ating additional sites, especially since a radiocarbon pla
f constant14C age occurs at this time (Ammann and Lot
989; Kitagawa and van der Plicht, 1998). The North Am
an warming may also coincide with the onset of warm
nferred from pollen records in northern and western Eu
Björck and Möller, 1987; Ammann and Lotter, 1989; Wattset
l., 1996) and the abrupt rise in delta18O (Johnsenet al.,1992;

ntinued
Co
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jörck et al.,1998) and snow accumulation rates (Alleyet al.,
993) in Greenland ice cores.
The Browns Pond record shows cold reversals at 12,20

TAB
Radiocarbon and Calibrated Ages for D

Sample number
Sample depth

(cm) Material dated

Core

SF Arizona AA
17723 100 1Carex lupulinaseed

2 C. crinita seeds
2 conifer cone scales
4 Salix buds

awrence Livermore
17319 152.0 Sediment

17322 194.8–196.4 4Piceaneedle bases
2 Piceaneedle tips
4 needle fragments
1 Alnuscone scale (pa

17323 244.0–245.6 3Piceaneedle bases
2 Piceaneedle tips
6 Piceasterigmata
4 needle fragments
5 Carix lurida seeds

17324 259.8–261.4 2Piceaneedles
2 Piceaneedle bases
3 Rubusseeds
Nut fragment

17325 344.7–346.0 1Piceaneedle
Partial conifer needle
17 Piceasterigmata
Conifer cone bract
1
3 Rubusseed
3 2

3 Carex luridaseed
1
2 Nymphaeaceae seed
Menyanthesfragment

17326 445.0 Sediment

Core

SF Arizona
AA 17724 199.0–200.0 8Sparganiumseeds

AA 17725 207.0–208.0 23Piceaneedle pieces
2 Piceasterigmata
2 Tsugastem fragmen
10 Tsuganeedle bases

AA 17726 222.0–223.0 18Piceaneedle pieces
38 Tsuganeedle bases
2 Tsugastem pieces
2 Sambucusseeds

a The first number (or set of numbers) is the calibrated age. The numb
A 17724 has nine calibrated ages; only the youngest and oldest are p
nd

500 14C yr B.P., superimposed upon the overall warm
rend. The first reversal (centered at about 14,280 cal yr
ay correlate with the European Older Dryas chronoz

1
d Samples from Cores BR91 and BR92

Dry weight
(mg)

Age
(14C yr B.P.)

Age
(cal yr B.P.)a

R92

2.65 75006 60 8310, 8220, 8218
(8339–8171)

4100 88906 60 9906
(9969–9870)

2.37 11,2806 60 13,190
(13,280–13,110)

l)

2.75 12,2006 70 14,240
(14,406–14,091)

3.27 12,2306 70 14,278
(14,446–14,127)

3.78 12,7306 60 15,001
(15,173–14,812)

2300 14,1806 60 17,004
(17,115–16,895)

R91

4.45 10,0506 75 11,464–11,225
11,828–11,050

2.2 10,1906 75 11,939
(12,134–11,659)

2.1 99456 105 11,073, 11,061, 11,03
(11,536–10,996)

in the parentheses are the range of the calibrated age at the one sigmae
ted here.
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hich Mangerudet al., (1974) placed between 12,000 a
1,80014C yr B.P. Subsequent palynology in Sweden rev

he dating of the Older Dryas chronozone to between 12
nd 12,00014C yr B.P. (Björck, 1984; Björck and Möller,
987). The second cold reversal dates to 750014C yr B.P.
between 8300 and 8200 cal yr B.P.). It coincides with C4

inimums in the GRIP and GISP2 ice cores and the m
oticeable Holocene decrease in delta18Oice (Chappellazet al.,
993; Sowers and Bender, 1995; Alleyet al., 1997). It also
oincides with an ice-rafting event in the North Atlantic Oc
inked to changes in surface circulation (Bondet al.,1997) and
ith a 200-yr cooling inferred from oxygen isotopes in La
mmersee, Germany (von Grafensteinet al., 1998). The cold

eversals at this site in the central Appalachians may be
urrent with cold events in the northern high latitudes
hifts in trade-wind strength in the tropical Atlantic Oce
Hughen et al., 1996; Björck et al., 1998). However, th
nherent errors in radiocarbon dating, and the samples’ s
ical errors, leave room for uncertainty.

The shift to a relatively warmer climate at 11,35014C yr B.P.
s significant, for it may show the southern limit of cooling
he eastern margin of North America, contemporaneous
he Younger Dryas chronozone. The late-glacial rise in h
ock and decrease in fir pollen, which indicate warming
rowns Pond, are also apparent at two sites just to the

Buckles Bog, 39°34’N 79°16’W (Maxwell and Davis, 197
nd Big Run Bog, 39°07’N, 70°35’W (Larabee, 1986)],

hough the timing is less well-constrained. Other records in
outheastern United States do not clearly show a cooling a
ime. Only at Jackson Pond, Kentucky, havePiceafluctuations
rom 11,300 and 10,04014C yr B.P. been hypothesized
epresent a Younger Dryas climate oscillation (Wilkinset al.,
991).
Increasing warmth and moisture at 11,30014C yr B.P. in the

entral Appalachians can be consistent with a cold revers
he northern North Atlantic region. If a steep tempera
radient exists between cold subpolar waters and warme

ropical waters, then storm-track-associated moisture wi
oncentrated along the maximum thermal gradient. GCM
ate simulations support this hypothesis: when northern N
tlantic sea-surface temperatures were cooled, a net inc

n precipitation minus evaporation occurred at the sout
dge of strong temperature contrast (Rindet al., 1986; Keffer
t al., 1988). The global extent of a cold reversal contem
aneous with the Younger Dryas chronozone (11,000 to 10

14C yr B.P.) and its causes is still in debate (Peteet, 1995
Ideally, other unglaciated east coast sites with h

esolution chronologies are needed to confirm the timing,
o define the regionality, of the brief cold reversals seen he
he central Appalachians. The diversity of vegetation and c
roximity of ecotonal boundaries in this region permit a ra
esponse of the vegetation to changing climate. The
imilarity in the timing of climate events seen in this terres
idlatitude vegetation record, when compared to polar ice
d
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nd northern European pollen records, suggests a strong
ling of the atmosphere–ocean climate system.
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